Abstract: Populations of glyphosate-resistant (GR) Canada fleabane and GR giant ragweed can be found in several locations in southwestern Ontario. While these species can be managed individually, a scenario has developed where both species are present in GR soybean. Ten separate field experiments (five with Canada fleabane and five with giant ragweed) were conducted over a 2-yr period (2013)(2014) in soybean to evaluate preplant (PP) herbicide tank mixtures that could control both weed species if they were present in the same field. Herbicides were rated for soybean injury, weed control, population density, and aboveground biomass. Two-and three-way tank mixtures containing amitrole (i.e., glyphosate + amitrole, glyphosate + amitrole + saflufenacil, and glyphosate + amitrole + 2,4-D) were among the most effective treatments. For example, control of GR Canada fleabane and GR giant ragweed was at least 92% at 4 wk after treatment (WAT) and weed density and biomass were generally similar to the weed-free control. However, without amitrole, the best PP herbicide option was a three-way tank mixture of glyphosate + saflufenacil + 2,4-D which provided improved control and greater reductions in density and biomass compared with the two-way glyphosate tank mixtures containing saflufenacil or 2,4-D.
Introduction
Most Ontario soybean [Glycine max (L.) Merr.] growers rely on glyphosate for weed management. For example, approximately 71% of the soybean acreage was seeded to glyphosate-resistant (GR) cultivars in 2015 (Stratus Agri-Marketing Inc., personal communication).
Furthermore, growers have been known to plant up to four consecutive yr of GR soybean in some areas of southwestern Ontario (Beckie et al. 2014) . Unfortunately, repeated glyphosate use exerts a selection pressure that shifts weed populations to those species that are naturally tolerant to glyphosate or that selects for GR biotypes (Owen 2008; Johnson et al. 2009; Beckie 2011) . For example, in 2008, a giant ragweed biotype was found in Essex County that survived multiple glyphosate applications in soybean (Vink et al. 2012b) ; in 2010, GR Canada fleabane was identified by screening plants grown from seed collected from weed escapes in Essex county GR soybean fields (Byker et al. 2013c ). Since these GR biotypes were first identified, subsequent field surveys have documented that GR giant ragweed is present in over 80 locations across seven Ontario counties (Vink et al. 2012b; Follings et al. 2013b) and GR Canada fleabane is present in at least 155 locations across eight Ontario counties (Byker et al. 2013c) .
GR Canada fleabane and giant ragweed can be controlled in Ontario soybean fields [Ontario Ministry of Agriculture, Food and Rural Affairs (OMAFRA) 2013]; however, since both species can exhibit an extended germination period (Main et al. 2006; Schutte et al. 2008) , the use of herbicides with residual activity is important for achieving season-long control. For example, at some locations, preplant (PP) glyphosate tank mixtures containing saflufenacil or 2,4-D can provide control equivalent to the weed-free treatment for up to four weeks after treatment (WAT) for GR Canada fleabane (Byker et al. 2013a) or GR giant ragweed (Vink et al. 2012a ). While at other locations, the control of these species was around 50% four WAT using glyphosate + cloransulam (Vink et al. 2012a; Byker et al. 2013a) . The low level of control in these instances could be due to the presence of multiple resistant (glyphosate and cloransulam) biotypes of Canada fleabane (Byker et al. 2013c ) and giant ragweed (Follings et al. 2013b) , further complicating weed management decisions. As a result, Ontario soybean growers need more options for controlling GR Canada fleabane and GR giant ragweed.
Amitrole is a broad-spectrum non-selective triazole (Group 11) herbicide (Vencill 2002) . While amitrole is considered a niche product (Anonymous 2014) , this herbicide has been shown to be safe to use at high rates as a PP burndown in soybean (Soltani et al. 2008 ) and can control GR weeds (OMAFRA 2013; Anonymous 2014) . For example, a tank mixture of glyphosate and amitrole has been highly effective in controlling both GR Canada fleabane (Byker et al. 2013a ) and GR giant ragweed (Follings et al. 2013a) . Unfortunately, these species could be present in the same field (Westhoven et al. 2008 ). In addition, multiple resistant biotypes are known to share roughly the same geographic area (Byker et al. 2013c; Follings et al. 2013b) . Therefore, this research was conducted to evaluate two-and three-way PP herbicide tank mixtures that could control both GR Canada fleabane and GR giant ragweed if they were present in the same soybean field.
Materials and Methods
A total of ten field experiments (five separate locations with GR Canada fleabane and five separate locations with GR giant ragweed) were conducted over a two year period (2013 and 2014) on various farms in southern Ontario (Table 1) where GR biotypes of these species were known to be present (Vink et al. 2012b; Byker et al. 2013c; Follings et al. 2013b ). Treatments were arranged in a randomized complete block with four replications, with plots 2 m wide by 10 m long. GR soybean cultivars were seeded 2.5-3.8 cm deep with a no-till planter (or conventional planter depending on the location) at a Obtained from GR Canada fleabane or GR giant ragweed present in two half-meter quadrats on the herbicide spray date.
rate of approximately 400 000 seeds ha −1 in rows spaced 0.75 m apart. Herbicide treatments were applied PP (Table 1 ) using a CO 2 pressurized backpack sprayer calibrated to deliver 200 L ha −1 of spray solution at 207 kPa through four Hypro Ultra-low drift 120-02 nozzles (Hypro, New Brighton, MN 55112) spaced 50 cm apart. For the tank mixtures containing saflufenacil (Table 1) , MERGE (BASF Canada Inc., Mississauga, ON L5R 4H1), an adjuvant containing a 50% surfactant blend plus 50% solvent, was added at 1% v/v according to label recommendations (OMAFRA 2013). Non-treated and weed-free control plots were included in each replicate of each trial. In the herbicide treated plots, no additional methods of weed control were used for the remainder of the growing season.
Crop injury and weed control were visually evaluated on a scale of 0% (no injury/control) to 100% (complete plant death). Soybean injury was rated approximately 2 and 4 WAT and control of GR Canada fleabane and GR giant ragweed was rated at 4 and 8 WAT. Population density and aboveground biomass data were collected at 4 WAT for GR Canada fleabane and 8 WAT for GR giant ragweed. These data were obtained by counting the GR Canada fleabane or GR giant ragweed present in two half-meter quadrats and the plants were cut at the soil surface, dried, and weighed.
Data for weed control, population density, and aboveground biomass were analyzed separately for the GR Canada fleabane and GR giant ragweed experiments using PROC MIXED (SAS version 9.2; SAS Institute Inc., Cary, NC 27513). Within the GR Canada fleabane and GR giant ragweed experiments, variances were divided into fixed (herbicide treatment) and random effects [environment (i.e., location-year combinations), the herbicide treatment by environment interaction, and replication within environment]. Significance of the fixed effect was tested using an F-test and random effects were tested using a Z-test of the variance estimate. PROC UNIVARIATE was used to test data for normality and homogeneity of variance. Weed control ratings for the non-treated control were assigned a value of zero and excluded from the analyses. However, all values were compared independently to zero to evaluate treatment differences with the non-treated control. To satisfy the assumptions of ANOVA, GR Canada fleabane and GR giant ragweed control data at 4 and 8 WAT were arcsine square root transformed while a natural log transformation was used for population density and aboveground biomass data for the GR Canada fleabane and GR giant ragweed experiments. Treatment means were separated using Fisher's protected LSD at P < 0.05 and all data compared on the transformed scale were converted back to the original scale for presentation of results.
Results and Discussion
Soybean plants were not injured from any of the herbicide tank mixtures evaluated at all locations (data not shown). In a previous study, Soltani et al. (2008) reported excellent crop safety with PP applications of amitrole and 2,4-D. Furthermore, Follings et al. (2013a) found that PP applied glyphosate tank mixtures which included saflufenacil, amitrole, or 2,4-D caused no injury to soybean. Within the GR Canada fleabane and GR giant ragweed experiments, weed control, population density, and aboveground biomass data were combined across environments.
Canada fleabane control (as well as population density and aboveground biomass) with glyphosate alone was similar to the non-treated control at 8 WAT (Table 2) , as what would be expected for a GR population. Visual control of GR Canada fleabane with two-way tank mixtures ranged from 58% to 69% at 4 WAT, except glyphosate + amitrole (92%) ( Table 2 ). These results were generally consistent with previous studies from our research group which demonstrated that GR Canada fleabane control can vary. For example, Byker et al. (2013b) reported control 4 WAT as low as 62% with glyphosate + 2,4-D (900 + 560 g ai ha −1 ); but in a related study, Byker et al. (2013a) found that control with glyphosate + 2,4-D (900 + 500 g ai ha −1 ) ranged from 78% to 92% at 4 WAT. Ford et al. (2014) , recently reported that Canada fleabane demonstrated varying levels of 2,4-D tolerance, which could explain this range in control. For two-way tank mixture of glyphosate + amitrole, Byker et al. (2013a) found that control with 900 + 2000 g ai ha −1 at 4 WAT was similar to the current study. For the three-way tank mixtures, the addition of amitrole improved control, compared with the two-way tank mixtures, to greater than 90%, while glyphosate + saflufenacil + 2,4-D controlled GR Canada fleabane to a similar level (Table 2) . However, for all herbicide tank mixtures, visual control tended to decrease over time. For example, at 8 WAT, control with tank mixtures containing amitrole and the three-way tank mixture of glyphosate + saflufenacil + 2,4-D ranged from 77% to 87% (Table 2) , consistent with Sikkema and Soltani (2015) .
Treatment differences for Canada fleabane population density and aboveground biomass compare similarly to visual control. Tank mixtures containing amitrole and the three-way tank mixture of glyphosate + saflufenacil + 2,4-D reduced GR Canada fleabane population density by over 97% and aboveground biomass by 97% at 4 WAT compared with the non-treated control (Table 2) . Byker et al. (2013a) also found that aboveground biomass was reduced to comparable levels using a tank mixture of glyphosate with 2,4-D, amitrole, or saflufenacil.
Consistent with the Canada fleabane experiment, giant ragweed was poorly controlled (4% at 8 WAT) with glyphosate alone while population density and aboveground biomass data were similar to the non-treated control (Table 3) . However, five out of six tank mixtures effectively controlled (>90%) GR giant ragweed 4 WAT (Table 3) ; only control with glyphosate + saflufenacil was less than 70%. These results are similar to previously reported research. For example, Vink et al. (2012a) found that control with a glyphosate tank mixture with saflufenacil or 2,4-D ranged from 82% to 92% and 97% to 98%, respectively. Follings et al. (2013a) reported that control with a glyphosate tank mixture with saflufenacil, 2,4-D, or amitrole ranged from 46% to 91%, 90% to 93%, and 98% to 99%, respectively. In the current study, the addition of amitrole to glyphosate + saflufenacil and glyphosate + 2,4-D improved GR giant ragweed control (>92%) 4 WAT (Table 3 ). In addition, control 4 WAT with the three-way tank mixtures of glyphosate + saflufenacil + 2,4-D and glyphosate + amitrole + 2,4-D was similar to the weed-free control. By 8 WAT, all tank mixtures (except glyphosate + saflufenacil) controlled GR giant ragweed to a similar level, ranging from 87% to 97% (Table 3) , similar to Sikkema and Soltani (2015) .
Furthermore, in the current study, these five tank mixtures also reduced population density and aboveground biomass to levels similar to the weed-free control (Table 3) .
This study builds upon previous work in our research group on the management of GR biotypes of Canada fleabane and giant ragweed in soybean with two-way glyphosate tank mixtures applied PP (Vink et al. 2012a; Byker et al. 2013a Byker et al. , 2013c Follings et al. 2013a ). However, due to the presence of multiple resistant biotypes in both species (Byker et al. 2013c; Follings et al. 2013b ) and to observations of varying levels of 2,4-D tolerance in Canada fleabane (Ford et al. 2014) , we were interested in identifying three-way tank mixtures that could potentially delay further resistance development (Beckie 2011) . Therefore, for Ontario soybean growers that may need to (Tables 2 and 3) . Furthermore, for these treatments, GR Canada fleabane and GR giant ragweed population density and aboveground biomass in most instances were equivalent to the weed-free control. However, due to risks to human health, Health Canada's Pest Management Regulatory Agency recently reevaluated amitrole and ruled that its use in field crops was to be phased out (Anonymous 2014) . Therefore without amitrole as a PP herbicide in soybean, the three-way tank mixture of glyphosate + saflufenacil + 2,4-D was the next best option. This treatment tended to provide improved control and greater reductions in density and biomass when compared with the two-way glyphosate tank mixtures containing saflufenacil or 2,4-D.
